Abstract: Mercury exists in various chemical forms. The important forms from a toxicological viewpoint are the metallic form, also called the elemental form, the divalent inorganic forms and methylmercury compounds. Elemental (Hg 0 ) mercury has a high vapor pressure and the vapor causes a number of cases of poisoning via inhalation. Classical mercury poisoning is characterized by a triad of signs, namely tremors, erethism and gingivitis. Mercurial erethism, which is characterized by behavioral and personality changes such as extreme shyness, excitability, loss of memory, and insomnia are also observed. Recently, the effects of mercury exposure at levels around 0.05 mg/m 3 or lower have been of concern and may include minor renal tubular damage, increased complaints of tiredness, memory disturbance and other symptoms, subclinical finger tremor, abnormal EEG by computerized analysis and impaired performance in neurobehavioral or neuropsychological tests. Abnormal gait, dysarthria, ataxia, deafness and constriction of the visual field are typical of the symptoms of methylmercury poisoning observed in Minamata and Iraqi outbreaks, as well as in occupational methylmercury poisoning cases. Furthermore, an infant born to a mother with excessive methylmercury consumption showed various neurological disturbances and delayed development. Since several populations are believed to be still exposed to methylmercury through the consumption of fish and sea mammals, neurobehavioral deviations in children of these populations have recently been investigated.
Introduction
Mercury exists in various chemical forms. The important forms from a toxicological viewpoint are the metallic form, also called the elemental form, the divalent inorganic forms and methylmercury compounds.
Metallic or elemental (Hg 0 ) mercury is a liquid at room temperature and has a high vapor pressure. Thus, mercury vapor causes a number of cases of poisoning via inhalation.
Mercury ions occur in two oxidation states: mercurous mercury (Hg + ) and mercuric mercury (Hg ++ ). However, the mercurous ion has a unique structure with two atoms having an overall charge of ++ 1) . Therefore the bond between these two atoms breaks easily to form elemental and divalent inorganic mercury.
Most compounds of mercuric mercury are corrosive, as reflected in the generic name of mercuric chloride i.e., corrosive sublimate. The compounds of mercuric mercury are also toxic when absorbed by living organisms, though absorption is poor compared to that of organic mercury compounds like alkyl mercurials 2) . Mercuric fulminate is explosive in its dry state.
Divalent mercury is covalently linked to a carbon atom to form organic mercury compounds. Methyl mercury H SATOH Industrial Health 2000, 38, 153-164 (CH 3 Hg + ), thus formed, is extremely toxic and readily absorbed from the gastrointestinal tract of humans and animals 3) . Dialkylmercury (RHgR) is also formed and such compounds have a unique liquid state and volatility.
In other organic mercury compounds, such as aryl and alkoxyalkyl mercury compounds, the carbon mercury bond is less stable than that of methylmercury [4] [5] [6] [7] . The toxicity of these compounds is due to the released divalent mercury.
In this review the two major forms of mercury, elemental mercury (mainly in vapor form) and methylmercury compounds are examined, as humans are still exposed to elemental mercury and methyl mercury in occupational and environmental settings.
Human Exposure

Mercury vapor
Metallic mercury was known in ancient times and was named "quick silver" by Aristotle due to its liquid nature at room temperature 1) . In Almaden, Spain, mining of cinnabar (mercuric sulfide) has been continuous since the Roman era. The ore is so rich that metallic mercury deposits naturally onto the surface of the ore rocks. Since only slaves and criminals worked the mines, the toxicity of metallic mercury was most likely already established. At room temperature, the vapor concentration easily exceeds the current threshold limit of 0.025 mg/m 3 , thus miners were exposed to mercury vapor via inhalation.
The first large-scale occupational mercury poisoning is believed to have occurred when the great statue of Buddha of Nara was built in the 8th century, in Japan. Gold-mercury amalgam was applied to the statue and the mercury evaporated off by heating to leave a thin layer of gold on the surface, in the process exposing workers to toxic levels of mercury vapor. Surprisingly, the same type of exposure and consequent mercury poisoning used to occur, until recently, in the gold mines and purification plants in the Amazon basin, Philippines, Indonesia and South Africa 8, 9) . Liquid mercury was used to extract and purify the gold and the gold-mercury amalgam then heated leaving virtually pure gold. In addition to exposure of workers to toxic levels of mercury vapor, the process released tons of mercury into the atmosphere. The released mercury was naturally converted into methyl mercury thereby causing environmental pollution and damage to eco-systems [10] [11] [12] . In the middle ages, alchemists used mercury extensively due to its ability to form amalgams, and unsuccessfully tried to turn mercury into gold. During this period, two mercury compounds, mercurous chloride (calomel) and mercuric chloride (corrosive sublimate) were first produced 1) . More recently and before the 20th century, mercuric salts were long used to make felt hats, as these salts were found to be highly effective in making animal hair sticky, resulting in high quality felt 1) . Since the felt was heated to make the hat, workers were exposed to mercury vapor generated during the process. The "Mad Hatter" in "Alice in Wonderland" is considered to represent an example of chronic mercury poisoning.
Metallic mercury is also used as the cathode in a chloralkaline plant where sodium chloride solution is electrolyzed to make sodium hydroxide 13) . This process is still used in several countries in Europe. The workers are exposed to mercury vapor, although the concentrations are lower than the aforementioned levels encountered after heating gold-mercury amalgams. The chloralkaline plant releases mercury into the environment combined with cooling water.
Mercury has been used for various medicinal purposes, not always successfully. For instance, the treatment for syphilis sometimes resulted in severe poisoning 14) , and calomel has even been used in children's teething powder for unknown reasons.
People are still exposed to mercury vapor in the form of the silver-mercury amalgam used to fill dental caries 15) . Although the use of such dental amalgam is rare in Japan, in the United States and several European countries this is still the predominant amalgam. Chewing and brushing increases the release of mercury vapor from the amalgam and vapor thus generated is inhaled [16] [17] [18] . The amount of mercury inhaled per day is estimated to be 2.5-17.5 µg.
Methyl mercury
Organic mercury compounds including methylmercury have been commercially produced since 1930. The use of organic mercury compounds in chemical research, however, dates back to 1863. Some of these mercurials break down easily into inorganic mercury. Consequently, the toxic effects of these compounds are similar to those of inorganic mercury compounds.
The alkyl mercury compounds, in particular methylmercury, possess a mercury carbon bond much stronger than those found in the other organic mercury compounds. Thus, they have unique toxic properties. Two laboratory technicians were poisoned with dimethyl mercury in 1866 19) . They complained of numbness of the hands, deafness, poor vision and sore gums. Slow and indistinct speech was noted. They became restless and comatose and finally died.
Most of these signs and symptoms resemble those observed in acute Minamata disease (described below). However, sore gums and salivation are symptoms of mercury vapor poisoning, supposedly the result of co-existing metallic mercury produced by the breakdown of dimethyl mercury.
Thereafter, sporadic cases of organic mercury poisoning have been reported. Organic mercury compounds have been used primarily for seed dressing, and thus most victims have been workers in chemical manufacturing plants, and farmers and members of their families who have accidentally ingested dressed seeds. Some victims ate the meat of domestic animals fed dressed plants.
Minamata disease
Minamata disease is the name used to describe the methylmercury poisoning that occurred among the people living along Minamata Bay in Kyushu, Japan in the 1950's and 60's 20) . The source of methylmercury was effluent from a chemical company where mercury was used as a catalyst in the production of acetaldehyde. The methylmercury concentrated in the food chain, resulting in sufficiently high concentrations in the villagers' staple diet of fish and shellfish to cause mercury poisoning. This type of exposure to methylmercury was highly uncommon and unusual, although the number of victims eventually certified with Minamata disease was over 2,200.
Another outbreak of methylmercury poisoning occurred in Niigata prefecture in 1965. Dubbed Niigata Minamata disease, this outbreak was also caused by acetaldehyde plant effluent. Approximately 700 patients resulted 20) . In the Minamata Bay area, infants began to manifest a severe disease resembling cerebral palsy 21) . The mothers of these children had consumed contaminated fish and shellfish during pregnancy. Fetuses were exposed to methylmercury in utero as methylmercury easily crosses the placental barrier and premature blood-brain barrier of the fetuses, affecting the developing fetal central nervous system. The mothers of these children had seemed healthy or displayed only mild symptoms such as numbness around the lips at the time their children were confirmed to have fetal Minamata disease 22) . Although the mothers developed further symptoms later, fetuses are believed to be much more sensitive to methylmercury than adults.
In the Niigata Minamata disease episode, only one baby with fetal Minamata disease was born, largely because the local authorities recommended that residents of child bearing age with possible exposure to methylmercury take contraceptive measures.
Methylmercury poisoning in Iraq
Since organic mercury compounds were first used as seed dressings, poisoning by eating dressed wheat grain has repeatedly occurred. In Iraq, three epidemic poisonings have been reported: one in 1955-1956, another in 1959-1960 , and the third and largest outbreak in 1971-1972.
These outbreaks were caused by the distribution of seed grain treated with methylmercury 23) . Rural people consumed the grain by using it to make homemade bread, instead of planting the seeds. The total number of victims was 6530, including 459 deaths. There were also some fetal cases, in which the mothers ate contaminated bread during pregnancy thereby exposing the fetuses to methylmercury in utero 24) . After birth, the infants were examined for physical and mental development [25] [26] [27] . The developmental data were statistically analyzed to establish a dose-response relationship between the exposure doses and the effects (developmental retardation). The exposure dose was determined by the peak mercury concentration in maternal hair during pregnancy.
The mercury concentration in hair (microgram Hg/g hair) is proportionally higher than the blood mercury concentration (microgram Hg/L blood) by 250-300 times 28, 29) . Mercury is included in a hair strand from the very beginning of the hair's growth, and is retained for the life of the strand. Thus, the concentration of mercury in the root of hair indicates the most recent blood mercury concentration and the distance from the root can be converted to the length of time from exposure. Assuming that hair grows approximately 1 cm/ month, hair strands were cut into 1 cm long segments from the root and the mercury concentration in each portion determined, thus providing the blood mercury concentration for each month. Fortunately, Iraqi women usually have long hair, allowing researchers to map the exposure history of each individual during the entire gestation period.
Current exposure to methylmercury
Mercury is methylated in the environment 30) , whether the origin is natural or anthropogenic. Methylmercury is considered to be formed primarily via bacterial activity. Thus formed, methylmercury enters the aquatic food chain to become the predominant dietary source of mercury in humans. The highest levels of methylmercury are found in predatory fish and sea mammals. Therefore, fish-eating populations are exposed to methylmercury 31) . Since fetuses are much more sensitive to methylmercury than adults, as shown in the outbreaks in Minamata and Iraq, the possible effects of in utero exposure to methylmercury have been examined in several places such as New Zealand, the Seychelles and the Faeroe Islands. 
Health Effects
Effects of mercury vapor exposure
The signs and symptoms observed in mercury vapor poisoning differ depending on the level and duration of exposure.
When exposure is extremely heavy (approximately 5-10 mg/m 3 or may be higher) such as direct inhalation of mercury vapor generated from heating metallic mercury, erosive bronchitis and bronchiolitis will occur in a few hours. Interstitial pneumonitis will then develop followed by respiratory distress. Excitability and tremors, indicating the central nervous system has been affected, may also be seen. If the amount of mercury inhaled is large enough, renal failure will develop.
Such an accidental exposure took place recently in Japan at a chemical factory that was producing sulfuric acid 32) . Workers replaced pipes of a tubular heat exchange apparatus using gas burners. Since sludge inside the pipes contained mercury, mercury vapor was generated during the operation. The workers were exposed to mercury vapor and became ill, and tragically a few died of respiratory distress associated with renal failure.
Moderate and repeated exposure (lower than a few mg/ m 3 , but higher than 0.05 mg/m 3 ) causes classical mercury poisoning, which is characterized by a triad of signs, namely, tremor, erethism and gingivitis. Mercurial erethism, which is characterized by behavioral and personality changes such as extreme shyness, excitability, loss of memory, and insomnia are also observed. Gingivitis and excessive salivation are the most common signs.
Lower and long lasting exposure causes micromercurialism, which is characterized by weakness, fatigue, anorexia, loss of weight, and disturbances in the gastrointestinal tract.
Recently, the effects of much lighter mercury vapor exposure [around the previous TLV (0.05 mg/m 3 )] have been investigated, with the following results: 1) Minor renal tubular effects indicated by increased urinary excretion of β-galactosidase 33) and N-acetyl-β-glucosaminidase (NAG) 34, 35) have been noted. 2) Increased complaints of tiredness, memory disturbance and other symptoms have been reported in selfadministered questionnaires 34) 3) Subclinical finger tremor has been observed using apparatus analyses 33, 36, 37) 4) Slower and attenuation of power spectrum of EEG 38) 5) Impaired performance in neurobehavioral or neuropsychological tests 39) Residual or remote effects of mercury vapor Inhalation More recently, residual effects due to previous exposure have become a concern. Workers with a peak urinary mercury concentration higher than 0.6 mg/L have shown neurobehavioral disturbances 20 to 35 years post-exposure 40) . Among ex-mercury miners in Japan, neurobehavioral disorders related to previous exposure that ceased more than 17 years ago have been reported 41) . Besides neurobehavioral disturbances, an increase in lymphocyte micronuclei stimulated by phytohemagglutinin was also observed 42) . The increase positively correlated with indices of previous exposure.
Clearly the effects of mercury vapor exposure last long after cessation of exposure, although typical symptoms and signs, such as tremor, gingivitis and salivation, usually disappear quickly. Mechanisms of long-lasting or remote effects, however, have not been investigated. There are several possible explanations: The first is that the damage caused by mercury vapor exposure remains for a long period of time. The second is that mercury remains in the body where it continues to cause adverse effects. The third is that previous exposure somehow stimulates aging, which causes poorer neurobehavioral performance. More complex explanations and combinations of these possibilities are of course conceivable.
Effects of methylmercury exposure
Previous experiences and animal experiments have shown that CNS functions are affected most by methylmercury exposure as opposed to the other forms of mercury.
In 1940, Hunter, Bomford and Russel reported four cases of methylmercury poisoning in a factory where fungicidal dusts were manufactured without the use of an enclosed apparatus 19) . The symptoms were severe generalized ataxia, dysarthria and constriction of the visual field. They noted that the characteristic symptoms of mercury vapor poisoning, with the exception of tremors, were not observed. One of the victims suffered from symptoms (mainly ataxia) for 15 years after exposure had ceased.
At patient necropsy, generalized ataxia was referable to cerebellar cortical atrophy, selectively involving the granulecell layer of the neocerebellum 43) . The concentric constriction of the visual fields was correlated with bilateral cortical atrophy around the calcarine fissures. This was reported in 1954 and later methylmercury poisoning was referred to as Hunter-Russel syndrome.
In the Minamata disaster, abnormal gait, dysarthria, ataxia, deafness and constriction of the visual field were the main symptoms. Emotional lability in the form of euphoria or depression was also common. Serious cases displayed states of mental confusion, drowsiness and stupor [44] [45] [46] [47] . Sometimes, however, the victims were restless and prone to shouting, which was often followed by coma.
In the infant cases following fetal exposure, a cerebral palsy like syndrome was observed 21, 22) . Examination of these children revealed the following signs and symptoms at high frequency: mental retardation, cerebellar ataxia, primitive reflex and dysarthria, seizure, and pyramidal signs. Sensory disturbance, constriction of the visual fields and hearing impairment could not be assessed due to the serious conditions of the patients.
Effects of in utero methylmercury exposure
As mentioned above, in the Iraqi outbreak fetal cases were examined more closely [24] [25] [26] [27] 48) . A group of mother and infant pairs were examined for the delay in developmental milestones such as walking and talking and the mothers' exposure to mercury, with the hair mercury content of each mother analyzed to determine the peak mercury concentration during pregnancy. Statistical analysis established a doseresponse relationship between the peak mercury concentration during pregnancy and whether first walking or talking was observed or not at the age of 18 or 24 months [48] [49] [50] . Based on this dose-response relationship, WHO 51) claimed that "A prudent interpretation of the Iraqi data implies that a 5% risk may be associated with the peak mercury level of 10-20 µ/g in maternal hair."
Epidemiological prospective studies with more sophisticated examination methods have been carried out since the mid 1980s.
A study performed in New Zealand investigated the development of children who had prenatal exposure to methylmercury by mothers' consumption of fish meals during pregnancy 52, 53) . The children were tested at the age of four using the Denver Developmental Screen Test (DDST), which is a standardized test of a child's mental development consisting of four major function sectors: gross motor, fine motor, language and personal-social. A developmental delay in an individual item is determined when the child has failed in his/her response and at least 90% of children can pass this item at a younger age. The prevalence for developmental delay was 52% in children whose mothers had been exposed to high levels of mercury and 17% in the reference group.
In a follow-up study at the age of six, each child was tested with the Test of Language Development (TOLD), the Wechsler Intelligence Scale for Children and the McCarthy Scale of Children's Abilities 53) . A principal finding was that high prenatal methylmercury exposure decreased performance in the tests, but contributed only little to the variation in test results, with ethnic background and social class having greater influence.
In the Seychelles Islands, the developmental effects of low level methylmercury exposure in utero from consumption of marine fish by mothers have also been studied [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] . An association between in utero mercury exposure was found for DDST-R(evised) abnormal plus questionable scores combined 62) . A subset of this group of children were administered the McCarthy Scales of Children's Abilities, the Preschool Language Scale, and the Letter-Word Recognition and Applied Problems subtests of the WoodcockJohnson (W-J) Tests of Achievement that were appropriate to the children's age. Mercury exposure (measured as maternal hair mercury concentration) was negatively associated with four endpoints: The McCarthy General Cognitive Index and Perceptual Performance subscale; and the Preschool Language Scale Total Language and Auditory Comprehension subscale. When statistically determined outliers and points considered to be influential were removed from the analyses, statistical significance of the association remained only for auditory comprehension.
The main study, which was designed to be prospective and involved 779 mother-child pairs, followed 61) . This study involved evaluation of children at 6. Bender Gestalt test and Total T score from the Child Behavior Checklist. The analysis was adjusted for possible confounding factors including birth weight, the rank of birth, sex, medical records of the infants, age of the mother, alcohol consumption and smoking habits during pregnancy, and socioeconomic status. The overall conclusion of the studies published to date is that it is yet unclear whether an association exists between low level mercury exposure of the mother and neurologic deficits in the child. The authors cautioned in several papers H SATOH Industrial Health 2000, 38, 153-164 that subtle neurologic and neurobehavioral effects are more likely to be detected in older rather than younger children. The overall conclusion of the authors was that their results require careful interpretation, and that an association between relatively low level mercury exposure in utero and neurologic deficits has not been conclusively demonstrated 66) . Another large study was initiated in the Faeroe Islands in 1986 [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . Increased mercury exposure was largely attributed to the eating of pilot whale 68) . The subjects consisted of a group of 917 (of an initial cohort of 1022) children. They were evaluated for their neurophysiological and neuropsychological performances at about 7 years of age. Mercury in maternal hair and cord blood was analyzed, and a subset of cords was determined for PCBs 73) . At seven years children received an examination including a functional neurological examination which emphasized motor coordination and perceptual-motor performance 71, 73) . Neurophysiological tests included the following: patternreversal visual evoked potentials; brainstem auditory evoked potentials; and postural sway. Neuropsychological tests included the Neurobehavioral Evaluation System (NES); Tactual Performance Test; Wechsler Intelligence Scale for Children-revised; Bender Visual Motor Gestalt Test; Boston Naming Test; California Verbal Learning Test; Nonverbal Analogue Profile of Mood States.
Although the neurophysiological tests showed no indication of mercury-associated dysfunction, significant negative associations were seen on several neuropsychological tests. Even with inclusion of covariates with uncertain influence on these tests results, multiple regression analysis indicated that 9/20 measures showed mercury related decrements. The authors concluded that in utero exposure to methylmercury affects several domains of cerebral function 73) . The results of these studies are controversial, especially when comparing those of Seychelles and Faeroe Islands. In both studies, doses were principally indicated by mothers' hair mercury concentration and the difference between both the doses is small. The study designs and test-batteries were similar but not identical. The main difference between the two studies was the source of methylmercury exposure; in the Seychelles by consumption of ocean fish and in the Faeroe Islands blubber (pilot whale fat). One explanation is that contamination by PCBs and possibly dioxins may confound the results of the Faeroe island study.
Exposure Markers and Occupational Exposure Limits (OEL)
Blood and urine are common samples by which to assess occupational mercury exposure, whereas hair is considered the best indicator for environmental exposure to methylmercury.
Exposure markers for elemental mercury
In workers chronically exposed to mercury vapor, a good correlation has been observed between intensity of exposure and blood mercury concentration at the end of a work shift 77) . Mercury in the blood peaks rapidly, however, and decreases with an initial half-life of approximately two to four days 78) . Thus, evaluation of blood mercury is of limited value if a substantial amount of time has elapsed since exposure. Without selective determination for organic and inorganic mercury (and this is usually the case), dietary methylmercury also contributes substantially to the amount of mercury measured in blood at low levels of elemental mercury exposure, limiting the sensitivity of this biomarker.
For most occupational exposure events, urinary mercury has been used to estimate exposure. The toxicokinetics of mercury in urine is much slower than in blood: urinary mercury peaks approximately 2-3 weeks after exposure and decreases at a half-life of 40-60 days for short-term exposures and 90 days for long-term exposures 79, 80) . Therefore, urine is a more appropriate indicator for longer exposures than blood. Moreover, little dietary methylmercury is excreted in the urine, rendering the contribution of ingested methylmercury less significant. Although good correlation has been observed between urinary mercury levels and air levels of mercury vapor, such correlation was obtained after adjusting data for creatinine or specific gravity and after standardizing the amount of time elapsed after exposure 77) , as considerable intra-and inter-individual variability has been observed in the urinary excretion rate 81, 82) . Exhaled air has been suggested as a possible biomarker of exposure to elemental mercury vapor because a portion of absorbed mercury vapor is excreted via the lungs. However, at low levels of exposure, mercury vapor released from dental amalgam may contribute substantially to the measured amount of mercury 83) . The amount of exhaled mercury is surprisingly high after ingestion of alcoholic beverages 84) , most likely because mercury is repeatedly oxidized and reduced in the body [85] [86] [87] and ethanol is believed to inhibit the activity of catalase, the principal oxidizing pathway. Consequently, this inhibition leads to relatively more reduction of ionic mercury and to an increase in elemental mercury in tissue and blood stream. Mercury vapor thus generated is exhaled via the lungs [88] [89] [90] [91] . A pilot study clearly showed that exhaled mercury was increased by ingestion of ethanol among the ex-mercury workers but quantitative estimation was not performed (Satoh et al. unpublished data).
Exposure markers for methylmercury
Blood and scalp hair are the primary indicators used to assess methylmercury exposure. Methylmercury freely distributes throughout the body, and thus blood is a good indicator medium for estimating methylmercury exposure. Blood levels may not necessarily reflect mercury intake over time though, as levels fluctuate with dietary intake 92, 93) . Blood hematocrit and mercury concentration may be measured in both whole blood and plasma/serum, allowing the red blood cell to plasma mercury ratio to be determined, and interference from exposure to elemental or inorganic mercury to be estimated.
Scalp hair is also a good indicator for estimating methylmercury exposure 28) . Methylmercury is incorporated into scalp hair at the hair follicle in proportion to its content in blood. The hair-to-blood ratio in humans has been estimated as approximately 250-300: 1 expressed as microgram Hg/g hair to mg Hg/L blood. However, some difficulties in measurement do arise, such as, inter-individual variation in body burden, differences in hair growth rates, and variations in fresh and saltwater fish intake, led to varying estimates 29, 94) . Methylmercury is stable once incorporated into hair, and therefore the mercury concentration in hair gives a longitudinal history of blood methylmercury levels 28, 51) . Analysis of hair mercury levels may be confounded by adsorption of mercury vapor onto the hair strands 95) . However, inorganic mercury incorporation into hair is negligible. Artificial hair-waving decrease mercury levels in hair due to breaking down methylmercury into inorganic mercury 96) . 
Occupational exposure limit
Reference values
Reference values for total mercury concentrations in biological media for the general population have been determined and set at: whole blood 1-8 µg/L 97) . As discussed The reference value for urine is 4-5 µg/L 99) . For scalp hair, 2 µg/g has been indexed by WHO 97) , with the limits depending on fish consumption: once/month; 1.4 µg/g, once/ 2 wk; 1.9 µg/g, once/wk; 2.5 µg/g, once/day 11.6 µg/g 100) .
